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CD27
+ B cells to migrate to B-cell follicles and undergo germinal center (GC) B-cell differentiation, whereas activated IgG + memory B cells preferentially showed a plasma cell (PC) fate. This observation was supported by reverse regulation of B-cell lymphoma 6 and PR domain containing 1 and differential BTB and CNC homology 1, basic leucine zipper transcription factor 2 expression. Moreover, IgM 
+ B cells in that they share typical memory B-cell transcription patterns with IgG + post-GC B cells and show a faster and more vigorous restimulation potential, a hallmark of immune memory. Moreover, this work reveals a functional plasticity of human IgM memory B cells by showing their propensity to undergo secondary GC reactions upon reactivation, but also by their special role in early inflammation via interaction with immunomodulatory neutrophils.
IgM memory B-cell functions | germinal center reentry | early inflammatory response A ntigen-activated naive B cells migrate along chemokine (C-C motif) ligand 19 (CCL19) / chemokine (C-C motif) ligand 21 (CCL21) gradients to the periphery of B-cell follicles (1) , where they interact with stimulating T cells and expand in primary focus reactions (2) . The majority of their progeny differentiate into short-lived, mostly IgM + , antibody-secreting cells (ASCs) that contribute a first wave of selected, but not affinitymatured, antibodies to the immune reaction. A minor fraction of these B-cell clones migrate along a chemokine (C-X-C motif) ligand 13 (CXCL13) chemotactic axis into the follicle center (3) and initiate a germinal center (GC) reaction by interaction with follicular helper T cells and dendritic cells (4) . The decision to become a (short-lived) plasma cell (PC) or a GC B cell is governed by the B-cell lymphoma 6 (BCL6) and PR domain containing 1 (PRDM1) transcription factors (5) . B lymphocytes upregulating BCL6 induce a GC B-cell differentiation program, whereas B cells up-regulating PRDM1 at the expense of BTB and CNC homology 1, basic leucine zipper transcription factor 2 (BACH2) expression (6) become ASCs. In the GC, B cells undergo T cell-dependent (TD) affinity maturation and often class switching, resulting in improved and selected B-cell receptors (BCRs) that are expressed on post-GC memory B cells or secreted by long-lived PCs (7) . Egress of these cells to the lymph node medullary chords, red pulp, or bone marrow is mediated by chemokine (C-X-C motif) ligand 12 (CXCL12) / chemokine (C-X-C motif) receptor 4 (CXCR4) (8) .
Specificity and memory represent the hallmarks of adaptive immunity. Memory B cells are generated in adaptive immune responses and confer enhanced and improved reactivity against recurring antigen. The capability of a memory B cell to contribute to secondary immune responses is granted by longevity, clonal expansion, increased ability to be activated, and a propensity to differentiate into PCs. In mice, the memory B-cell compartment is multilayered, including an early GC-independent IgV geneunmutated and mostly IgM + B-cell population (9) (10) (11) , as well as post-GC memory B cells with affinity-matured and either classswitched or IgM BCRs (12, 13) . IgG + memory B cells efficiently differentiate into PCs (14, 15) and IgM + memory B cells frequently reenter GC reactions upon secondary challenge (12) . Improved immune responses against T cell-independent (TI) antigens also exist (16, 17) , but these B cells are not long lived and their IGV mutation load is very low.
In humans, the memory B-cell compartment is less well understood. Traditionally, class-switched B cells with mutated IgV genes and surface CD27 expression were regarded as "prototypical" memory B cells (5) , although more recent data have shown that CD27 is a sufficient, but not essential, memory B-cell
+ B lymphocytes represent a large subpopulation of the human B-cell pool, but their generation is debated and their immunological functions are poorly understood. This work shows that these lymphocytes possess typical memory B-cell expression patterns, enabling them to differentiate rapidly into plasma cells upon restimulation. Moreover, we reveal unique features of these IgM memory B cells, their potential to reenter germinal center reactions, and their specific interaction with immunomodulatory neutrophils in early inflammatory responses. Thus, key characteristics and functions of a major human B-cell subset are elucidated.
marker, because a small subset of IgG
− and potentially also IgM +
− memory B cells has been identified (18) (19) (20) . However, the adult human peripheral blood (PB) B-cell pool also includes about 15% IgM
+

IgD
+ and 5% IgM-only (expressing little or no IgD) B lymphocytes with mutated V gene rearrangements and CD27 expression (21) . Although both of these IgM + subsets fulfill functional requirements of conventional memory B cells (22) 
CD27
+ B cells in cord blood (24, 25) , as well as in patients with X-linked hyper-IgM syndrome with a deficiency of the CD40 ligand, and hence supposedly of GC reactions (26) , and their reduced frequency in asplenic patients, correlating with impaired immune response to encapsulated bacteria (27) , were interpreted in favor of a GC-independent generation. This generation could occur either by primary antigen-independent Ig gene diversification mechanisms or by TI immune responses involving somatic hypermutation. A specific function of IgM
+ B cells in TI type II immune reactions was further suggested by their high phenotypical and functional similarity to human marginal zone (MGZ) B cells (28, 29) , which are important players in immune responses against blood-borne TI pathogens (30) .
Human MGZ B cells have been reported specifically to interact with neutrophils that reside in close vicinity to the MGZ and to show B cell-helper function and induce Ig gene diversification via secretion of tumor necrosis factor superfamily members 13 and 13B and interleukin 21 (31) , although a recent study contradicts these findings (32) . Neutrophils are recruited to epithelial cells in injured or infected tissue by secretion of early cytokines. In this early inflammatory response, neutrophils become activated and participate in a multilayered immunomodulatory network, recruiting and directing local responses by secretion of catecholamines and multiple cytokines, including chemokine (C-C motif) ligand 2 (CCL2), soluble carcinoembryonic antigen cell adhesion molecule 8 (sCEACAM8), and IFN-γ (33) (34) (35) .
This study aims at defining specific functions of human IgM (Fig. 1 A and B) , thus arguing for a common generation and functional similarity of CD27 + B-cell subsets. Indeed, gene set enrichment analysis (GSEA) identified shared gene signatures functionally associated with a "memory Bcell" phenotype, including enhanced antigen response, increased metabolic turnover, a (homeostatic?) proliferation signature, and a propensity to plasmablast differentiation, although this latter feature was more pronounced in class-switched memory B cells than in IgM memory B cells (Fig. S1 A-G) . 
+ B-cell subsets did not show statistically significant differentially expressed transcripts, except for IgD. Moreover, the two populations displayed highly similar surface receptor expression profiles, thus arguing for identical stimulation requirements or immune-sensing capacities ( Fig. 2 A and B) . From here on, IgM-only B cells are excluded from our analyses and we focus on IgM Pairwise comparison revealed 422 genes that showed at least a twofold difference [P < 0.05 and false discovery rate (FDR) < 0.1] between IgM and IgG memory B cells, of which 214 annotated transcripts were also differentially expressed with at least twofold change between IgM memory and naive B cells (P < 0.05 and FDR < 0.1; Table S1). Fig. 2 A and B show selected genes from this comparison that were categorized as either "cytokines, hormones, growth factors, neurotransmitters, and their receptors" or as "cell adhesion molecules." Fig. 2 A and B further includes manually selected transcripts of both categories with uniquely high or low expression in a single subset.
To interpret these patterns, we performed GSEA and identified enriched or decreased expression of gene sets involved in cytokine signaling [interleukin 6 (IL-6), IL-8, IFN], integrin expression, growth factor receptor signaling, nuclear factor kappa B or nuclear factor of activated T cells signaling, and PC differentiation ( Fig. S2 A-M) .
To identify key molecules with the potential to mediate specific IgM memory B-cell functions, we filtered for single, significantly over-or underrepresented genes and pathways with preferential expression in IgM memory B cells. In the following, we describe functional characteristics mediated by such genes.
Neurotransmitter Noradrenaline Is a Costimulator of IgM Memory B Cells. High expression of beta-2 adrenergic receptor (ADRB2) transcripts was detected on IgM memory cells but not on IgG + or naive B cells (Fig. 2A) . Flow cytometric analysis confirmed sig- nificantly higher ADRB2 expression on IgM memory cells than on IgG memory B cells; however, in contrast to transcriptional data, the highest protein levels were observed on naive B cells ( Fig. 3 A and B) . We assessed the stimulatory potential of ADRB2 on isolated human PB B-cell subsets by in vitro challenge with the selective ADRB2 agonist terbutaline and the nonselective betaadrenergic receptor antagonist nadolol in combination with BCR triggering. In contrast to previous publications (36, 37) , high levels of terbutaline (10 −5 M) induced only marginal B-cell proliferation. However, the average number of cells in S/G2 phase, as determined by DNA content (Fig. 3C) , was consistently higher in IgM memory B cells (12%, range: 5-21%) than in IgG memory cells (6%, range: 2-12%) or naive B cells (4%, range 2-7%). The differences observed were statistically significant (P < 0.05). In addition, we analyzed the Ig secretion capacity of human PB B-cell subsets upon stimulation by terbutaline by enzyme-linked immunospot (ELISpot) assays. We incubated a minimum of 25,000 sortpurified B cells per subset for 1 h in anti-IgM-or anti-IgG-coated ELISpot wells. The cells were stimulated in advance with 10 −5 M terbutaline in combination with anti-Ig antibody or with anti-Ig alone. The differentiation into Ig-secreting cells upon treatment with terbutaline was higher in IgM memory B cells than in IgG memory or naive B cells, compared with anti-Ig stimulation alone. Notably, this effect could be markedly enhanced with a combination of BCR and ADRB2 stimulation, and it could be blocked by addition of the beta-adrenergic receptor antagonist nadolol, arguing for the specificity of the effects observed ( Fig. 3 D and E).
We conclude that IgM memory B cells preferentially respond in vitro to BCR costimulation with the noradrenaline/adrenalinemimicking factor terbutaline via ADRB2 by low-level proliferation and efficient differentiation into Ig-secreting cells.
Human IgM Memory B Cells Show Migration and Differentiation Capacity
Toward Specific Early Inflammatory Cytokines. We screened cytokine receptors and immunomodulatory molecules with higher expression in IgM memory B cells than in IgG memory or naive B cells ( Fig. 2A ). Carcinoembryonic antigen cell adhesion molecule 1 (CEACAM1) and chemokine (C-C motif) receptor 2 (CCR2), both molecules that were previously reported to be expressed on a fraction of bulk CD19
+ B cells (38) (39) (40) (41) , turned out to be predominantly detectable on the surface of IgM memory B cells (Fig.  4 A-D). CCR2 is involved in the recruitment of macrophages to inflammatory sites along a macrophage chemoattractant protein 1 (MCP1) gradient. CEACAM1 belongs to a family of intermediateaffinity cell adhesion molecules involved in a variety of immune modulatory functions, including cell-cell contact, immune cell activation, and survival (35, (42) (43) (44) . In vitro chemotactic assays with MCP1 and sCEACAM8, the natural ligands for CCR2 and CEACAM1, respectively, showed that IgM memory B cells possess chemotactic activity toward both ligands (P < 0.001 and P < 0.01, respectively; Fig. 4 E and F). In line with a specific biological responsiveness, this chemotactic activity was dose-dependent ( Fig. 4 G and H) and significantly lower, if at all detectable, in IgG memory or naive B cells.
We analyzed the costimulatory effect of sCEACAM8 on the Ig secretion capacity of human PB B-cell subsets by ELISpot assays. The sort-purified B-cell subsets were stimulated with 10 ng/μL sCEACAM8 alone or in combination with anti-Ig antibody. Blocking of sCEACAM8 binding to transmembrane-anchored CEACAM1 with anti-CEACAM8 antibody served as a negative control. The differentiation into Ig-secreting cells was higher for IgM memory B cells than for IgG memory or naive B cells compared with anti-Ig stimulation alone. This effect was significantly enhanced when combined with BCR stimulation (Fig. 4 I and J) .
Finally, we observed higher expression of IFN-gamma receptor 1 (IFNGR1) on transcriptional and protein levels on IgM memory B cells in comparison to IgG memory or naive B cells ( Figs. 2A and 4K ). In line with previously published data (45), the in vitro challenge of sort-purified B-cell subsets with IFN-γ led to the weak induction of Cγ2 switch transcripts in IgM memory B cells in two of four donors, an effect that was enhanced by BCR cross-linking (Fig. S3A ). Cγ2 switch transcripts were also detectable in class-switched B cells (two of six donors) or, at a lower level, when IgM or IgG memory B cells were stimulated with anti-Ig antibody alone. However, we never observed the induction of switch transcripts of Ig subclasses other than Cγ2 in IgM memory B cells, and we could not detect any induction in naive B cells independent of time or type of stimulation. Because the induction of Cγ2 switch transcripts alone may not induce class switch recombination (CSR) to Cγ2 but seems to require additional costimulation (46), we measured the amount of Cγ2 CSR in sort-purified B-cell subsets of four donors stimulated with pokeweed mitogen (PWM), BAFF, and anti-Ig antibody with or without IFN-γ. Indeed, the addition of IFN-γ enhanced CSR significantly in IgM memory B cells (P < 0.05; Fig. 4L and Fig. S3 B-E). Although Cγ2 CSR could also be observed in naive B cells costimulated with IFN-γ in two of four donors (Fig. S3D ), the difference from controls treated with PWM, BAFF, and anti-Ig alone did not reach statistical significance (Fig. S3B) . Finally, we did not measure significant changes in the fraction of IgG 2 classswitched B cells after stimulation conditions in three donors analyzed. However, we observed a high interindividual variance of the IgG 2 -positive B-cell fraction in healthy adults, ranging from 6% to 30% of PB IgG + B cells (Fig. S3 F and G) . We conclude that IgM memory B cells express a pattern of surface cytokine receptors that enables them to respond preferentially in vitro to stimulation with specific cytokines. The functional response ranges from enhanced migratory capacity to differentiation into ASC and Ig subclass-switching capacity. The differentiation-inducing effects tested here are significantly enhanced by BCR ligation. Finally, we show here that IFN-γ contributes to Cγ2 CSR direction in human B cells, preferentially in the IFN-γ receptor high-expressing IgM memory B cells.
Coculture of IgM Memory B Cells and Neutrophils Induces PC
Differentiation and Cγ2 Class Switch Transcription. MCP1, sCEA-CAM8, and IFN-γ are secreted within minutes by immunomodulatory neutrophils in an early, priming phase of inflammation (33, 47) . These molecules help in recruiting leukocytes and establishing a proinflammatory microenvironment. Importantly, the secretion of norepinephrine by activated neutrophils induces a paracrine or autocrine stimulatory effect leading to enhanced intracellular signaling and secretion of cytokines (48, 49) . We tested whether the expression of ADRB2 and specific cytokine receptors enabled IgM memory B cells to interact preferentially with activated neutrophils. We determined the PC differentiation and Ig secretion potential of B-cell subsets in coculture with neutrophils stimulated with granulocyte-macrophage colony stimulating factor (GM-CSF) for 16 h. Fig. 5A shows the relative induction of PRDM1 transcripts in B-cell subsets after neutrophil coculture, normalized to the coculture condition without GM-CSF. GM-CSF alone did not induce PRDM1 transcription in B-cell subsets. However, cocultures of IgM memory B cells and GM-CSF-activated neutrophils consistently showed up-regulation of PRDM1 in five donors analyzed (Fig. 5A) . Notably, no PRDM1 transcripts were detected in cultured IgG memory and naive B cells.
Previous studies showed that human neutrophils produce and secrete IFN-γ upon stimulation (50) . The coculture of GM-CSFactivated neutrophils and IgM memory B cells also induced IFN-γ production in neutrophils, but not B cells, as determined by ELISpot assays (Fig. S4) . These coculture conditions also led to detectable levels of Cγ2 switch transcripts in two of three donors ( Capacity. The transcription profiles of naive and memory B-cell subsets included several differentially expressed chemokine receptors and ligands ( Fig. 2A) , as well as G protein-signaling molecules (Table S1) , that may have an influence on migratory properties of leukocytes. In line with murine data (51), the expression of the B-cell follicle homing molecule chemokine (C-X-C motif) receptor 5 (CXCR5) was higher in naive than post-GC B cells (Fig. S5 E and F) . Surprisingly, when we tested the migration capacity of sort-purified PB B-cell subsets toward CXCL13, IgM memory B cells showed the highest migration factors among the B-cell subsets tested from eight of 10 donors (Fig. 6A) . Similarly, the migration capacity mediated by chemokine (C-C motif) receptor 7 (CCR7) toward the B-cell follicle border homing chemokine CCL21 was found to be higher in IgM memory B cells than in naive or IgG + B cells in six of nine samples (Fig. 6B) , in line with a higher surface expression level of this receptor on these cells (Fig. S5 A and B) . Migration efficiency toward CCL19, the second chemoattractant to the B-cell follicle border, showed a similar tendency of IgM memory, but not IgG memory or naive B cells, to respond preferentially to CCR7-dependent chemotaxis in three of four donors. However, the effect was milder compared with CCL21 challenge, and statistically significant differences could only be observed between IgM and IgG memory B cells at a CCL19 concentration of 175 international units (IU) (Fig. 6C) . Lower concentrations (100 IU) of CXCL13, CCL21, and CCL19 induced migration in a similar pattern (i.e., IgM memory B cells showed the highest migration capacity). However, statistical significance was only reached for CCL21 (Fig. 6E) . The combination of the three Bcell follicle (border) homing chemoattractants did not show an enhanced effect on the migration pattern of IgM memory B cells, suggesting that the observed pattern is mostly determined by CCL21 (Fig. 6E) . Notably, when the B cells were costimulated for 1 h with the Toll-like receptor 7/8 agonist R848 and PWM to induce PC differentiation, all subsets showed significantly reduced migratory potential and IgM memory B cells lost their predominant migration capacity toward CXCL13 and CCL21 in six of six and four of four donors analyzed, respectively (Fig. 6E) . Importantly, upon challenge with CXCL12, a chemokine that guides lymphocytes toward bone marrow and other PC homing sites, IgM memory B cells showed a lower migration capacity than naive or IgG memory B cells. This difference was lost upon PC differentiation, because IgM memory B cells gained (P < 0.05) and naive and IgG memory B cells reduced their migratory potential toward CXCL12 (Fig. 6 D and F) . Similar to CXCR5, the different CXCR4 surface expression between IgM and IgG memory B cells did not reflect their migratory capacity ( Fig. S5 C and D) . The junctional cell adhesion molecule C (JAM-C) has been shown to direct transendothelial migration from the blood stream into B-cell follicles (52, 53) . Interestingly, IgG + B cells showed a biphasic expression of JAM-C, with about 50% of cells showing high levels, whereas the remaining cells had no detectable JAM-C surface expression (Fig. 6G) , thus lacking an important molecule for lymph node entry. In contrast, IgM memory B cells consistently expressed JAM-C, in line with their higher lymph node homing capacity. Taken together, IgM memory exceeded IgG memory and naive B cells in B-cell follicle homing capacity due to a higher sensitivity toward CXCR5-and CCR7-dependent chemotaxis and presumably JAM-C surface expression. In contrast, naive and IgG memory B cells showed a homing propensity along CXCL12 gradients (i.e., toward PC sites) and, on average, lower JAM-C surface expression.
Memory B-Cell Subsets Differ in Their Differentiation Propensity upon TD Restimulation. The higher migration capacity of IgM memory B cells toward B-cell follicles suggested a propensity to reenter GC reactions. Therefore, sort-purified PB B-cell subsets were subjected to in vitro activation assays mimicking a TD or TI activation/reactivation of naive and IgM or IgG memory B cells. Upon short-time challenge (2-3 h), we measured the induction of typical GC B-cell or PC differentiation markers by quantitative RT (QRT)-PCR. PRDM1 transcription was below the detection limit in untreated B-cell samples. In line with previously published results on the PC differentiation-enhancing role of the IgG BCR (54, 55), IgG memory B cells rapidly up-regulated PRDM1 upon TI or TD stimulation in contrast to naive and IgM memory B cells (Fig. 7 A and B) . The latter, however, showed induction of PRDM1 transcription in one of four donors upon TD stimulation (Fig. 7B) .
The GC B-cell transcription factor BCL6 was transcribed at low levels in untreated naive and IgM or IgG memory B cells. However, in each of four donors, IgM memory B cells rapidly upregulated BCL6 transcription upon TD stimulation, whereas activated naive B cells showed, on average, no change and IgG memory B cells showed slightly increased BCL6 levels in three of four donors (Fig. 7C) . To address the differentiation potentials of IgM and IgG memory B cells on the protein level, sort-purified B-cell subsets from three healthy donors were TI-or TDstimulated and measured by ELISpot assays. In line with the efficient transcriptional up-regulation of PRDM1, IgG memory B cells showed an increased Ig secretion capacity in comparison to IgM memory B cells in both TI and TD activation conditions (Fig. 7D) . However, this effect was stronger in the TD stimulation assays (P < 0.05; Fig. S6A ).
Because BACH2 down-regulation precedes PC differentiation (56, 57), we performed a fluorescence microscopic analysis to clarify whether differential changes in protein level or subcellular distribution of BACH2 might occur. We observed nuclear and cytoplasmic BACH2 expression in all three B-cell subsets analyzed (Fig. 7 E-H and Fig. S6 B-I ). On average, nuclear BACH2 expression was high in unstimulated naive and IgM memory B cells but clearly lower in IgG memory B cells (Fig. S6 B, D , and F and Table S2 ). Upon BCR stimulation with anti-Ig antibody for 16 h, naive B cells did not show significant differences in nuclear BACH2 expression (Fig. 7E and Table S2 ). In contrast, IgM memory B cells showed significantly reduced nuclear BACH2 expression levels (Fig. 7F) . Notably, about 60% of activated IgG memory B cells lost nuclear BACH2 expression (Fig. 7H) , often paralleled by extensive cell growth and PC formation. Moreover, in 15% of BCR-stimulated IgG memory B cells, nuclear and also cytoplasmic BACH2 levels were below the detection limit, arguing for efficient nuclear export and subsequent cytosolic degradation of BACH2 during PC formation. These features may cause the efficient PC differentiation potential of the IgG memory B cells (Fig. 7 G and H) . In line with the lack of PRDM1 induction after short-time BCR stimulation (Fig. 7 A and B) , IgM memory B cells showed reduced and delayed BACH2 nuclear export after 16 h of BCR challenge in comparison to IgG memory B cells.
Finally, we tested PB B-cell subsets for differential expression of four interleukin receptors (IL-4R, IL-6R, IL-10R, and IL-13R) because the transcription pattern of these receptors suggested a specific sensoring capability of single subsets ( Fig.  2A) . However, IL-4R, IL-10R, and IL-13R were not statistically significant differentially expressed between IgM memory and IgG memory lymphocytes (Fig. S7 A-F) , and thus not further followed up on. IL-6R, in contrast, showed significantly higher expression levels on IgG memory B cells (Fig. S7 G and H) . However, IL-6 treatment of sort-purified B-cell subsets did not lead to preferential differentiation into plasmablasts of either population analyzed (Fig. S7I) .
Our data indicate that human IgG memory B cells primarily differentiate into PCs upon reencounter of antigen, independent of a TI or TD type of stimulation, guided by rapid PRDM1 induction and nuclear export and cytosolic degradation of BACH2. In contrast, upon TD stimulation, IgM memory B cells show a preferential tendency to adopt a pre-GC B-cell phenotype, as indicated by up-regulation of BCL6 transcripts. However, upon TI stimulation, IgM memory B cells also showed PC differentiation capacity, as indicated by BACH2 down-regulation and adoption of PC morphology, albeit at a lower rate and efficiency than IgG memory B cells.
Discussion
It is debated whether human PB IgM
+ IgD + CD27 + B cells are post-GC memory B cells or derive from an antigen-independent or TI developmental pathway (26) (27) (28) 58) . The existence of consistently mutated IgV genes of human PB IgM
+ B cells, as well as their increased responsiveness to mitogenic stimulation in comparison to naive B cells (59, 60) , argues that these lymphocytes are antigen-experienced, post-GC memory B cells. We recently provided further genetic evidence that at least a large fraction of these PB B cells in adult humans are derived from GC reactions, because they frequently show BCL6 mutations (occurring only in GC B cells) and often show a common derivation with IgG memory B cells from diversified GC B-cell clones (23) . This latter point was recently validated by an independent study on memory B-cell subtypes generated in defined immune responses (61) . The current work further supports this idea. First, we demonstrate that IgM 
CD27
+ B cells reacted upon stimulations mimicking a TD immune response (as discussed below), an additional feature that is in line with their derivation from and involvement in TD immune reactions and has also been described for IgM 
+ and IgM-only B cells, and we thus conclude that a comparison on the transcriptional level cannot help to explain previously published results on a differential class-switching capacity (66) or different generation pathways (26, 67) of these two subsets.
However, a set of about 400 genes was specifically expressed or underrepresented in IgM memory B cells in comparison to IgG memory and also partially naive B cells. To understand these IgM memory B cell-specific gene signatures and translate them into immunological functions further, we focused on genes that may provide a specific sensoring capability to these resting B lymphocytes, preparing them to react specifically and quickly under particular reactivation conditions. Indeed, a large number of surface molecules, such as cytokine receptors, cell adhesion molecules, and BCR signaling components, as well as downstream signaling molecules, such as kinases and regulators of G protein signaling, that were expressed specifically and homogeneously by the IgM memory B-cell population were revealed. To our surprise, we observed expression of the noradrenaline/ adrenaline binding receptor ADRB2 on naive and IgM memory B cells. Although an influence of neurotransmitters on B lymphocytes is known (36), we describe here the preferential responsiveness of an IgM +
+ memory B-cell subset and show the preferential proliferation and differentiation potential of these cells upon ADRB2 stimulation in vitro. Similarly, higher expression of CCR2 and CEACAM1, two molecules that provide chemotactic activity toward MCP1 and sCEACAM8, respectively, was observed on IgM memory B cells. Moreover, CEACAM1 represents a potent costimulatory molecule for a subset of human B cells that is preferentially composed of human IgM memory B cells. Finally, we show that IFN-γ (most efficiently in combination with further costimulation) can also serve as an IgG 2 class switch-enhancing factor in humans, an issue that has been debated (46) . Although we also observed IgG 2 CSR upon IFN-γ stimulation in naive B cells (detectable but not significant in total), we assume that the high levels of IFNGR1 expression on post-GC IgM memory B cells provide these cells with an Interestingly, the cytokines, adhesion molecules, and neurotransmitters that convey the observed features of IgM memory B cells have in common that they are secreted by neutrophils in early phases of inflammation (33) . To test whether activated neutrophils indeed have the potential to stimulate IgM memory B cells to differentiate and secrete IgM or a class switch to IgG 2 , we performed coculture assays of neutrophils and B-cell subsets, and could confirm such an interaction in vitro. Because we did not assess the impact of single molecules on stimulation or differentiation of IgM memory B cells in coculture with GM-CSFstimulated neutrophils, we cannot conclude whether our observations indeed result from secreted cytokines or may rather derive from cell-cell contact. Indeed, there is evidence that CEACAM1 interaction with membrane-bound ligands also promotes CSR in murine B cells (41) .
Recent studies in the mouse have indicated that the memory B-cell pool is more heterogeneous than previously thought, and that distinct memory B-cell subsets have largely distinct functions (12, 13, 68) . Besides the indication that a proportion of memory B cells in TD immune responses are generated before the onset of the GC reaction (9), several studies have indicated that IgM and IgG memory B cells have specific functions, with IgM memory B cells preferentially differentiating into GC B cells upon reactivation, whereas IgG memory B cells showed a propensity to differentiate directly into PCs in recall responses (12, 13) . However, this view was recently challenged because it was reported that murine memory B-cell subsets defined by expression patterns of CD80 and programmed cell death 1 ligand 2 (PD-L2) better distinguish memory B-cell subsets with preferential PC differentiation or GC reentry (69) .
Whether the human IgM
+ and IgG + memory B cells show distinct functions in recall responses was not previously known. Here, we provide data that human memory B-cell subsets may indeed show a similar dichotomy (i.e., IgM memory B cells might have the capacity to home to B-cell follicles upon restimulation and more easily undergo GC B-cell differentiation, as indicated by the facilitated transcript induction of the GC B-cell transcription factor BCL6 in vitro). This behavior is in contrast to that of IgG memory B cells, which show a migration potential toward CXCL12, transcriptional down-regulation and nuclear exclusion of BACH2, upregulation of PRDM1, and PC differentiation, in line with the signaling and differentiation-enhancing role of the class-switched BCR (54, 55) . Moreover, the adhesion molecule JAM-C plays an important role in lymph node homing and is expressed on virtually all IgM memory cells but only on a fraction of IgG memory B cells, allowing GC reentry preferentially for the former population.
Several key questions clearly remain to be clarified. Sample Preparation for Gene Expression Profiling. RNA (250 ng) was extracted from sort-purified B cells by Gentra Purescript (Gentra). RNA integrity was assessed using an Agilent 2100 Bioanalyzer. Samples with an RNA integrity number >9.0 were processed by means of a MessageAmp II Biotin Enhanced Kit (Ambion). For the Human Genome U133 2.0 Plus gene expression profiling analysis, data were generated in two batches, equally composed of naive, IgM-only, IgM
, and IgG memory B cells. After variance stabilizing normalization, data were corrected for batch effect by ComBat software (www.bu.edu/jlab/wp-assets/ComBat) (70) . Arrays were scanned with a GeneChip Scanner 3000 7G (Affymetrix). GeneChip data have been submitted to the Gene Expression Omnibus database under accession number GSE64028.
Statistical Analysis. Data were analyzed with GeneSpring GX software (Affymetrix) and R software for statistical computing (ISBN 3-900051-07-0, R Development Core Team; www.R-project.org.) Probe sets with a minimum raw signal of 50 and at least four present calls in at least one condition, according to Mas5 software, were used for further analysis. Multivariate data analysis was performed with ANOVA and Tukey post hoc testing procedures, and pairwise comparisons were tested for statistical significance by t test (P < 0.05). The Benjamini-Hochberg method was used for multiple testing corrections. GSEA was performed with GSEA2 software. Each GSEA plot (Figs. S1 and S2) shows the name of the respective gene set in the header, the enrichment score profile (green graph), and the hits of single genes of the respective gene set (black bars) along the ranking metric scores (gray bars) that are used for the running sum statistics as described (71) . Gene sets are derived from the Molecular Signature Database (C2, curated gene sets; C7, immunological signatures) (71) . The significance of surface molecule expression on IgM memory B cells was determined by ANOVA and Tukey post hoc testing, and the significance of differential Ig secretion, proliferation, or migration potential of single B-cell subsets was calculated by paired t testing procedures. Each statistical test was performed on all available data points, including outliers.
In Vitro Activation of B-Cell Subsets. Naive and memory B cells were sortpurified and cultured in RPMI 1640/10% (vol/vol) FCS/1% P/S (Pan Biotech) with 10 mg/L goat anti-human Ig antibody (Dianova) alone or with 10 −5 to 10 −7 M terbutaline and/or 10 −5 to 10 −7 M nadolol (Sigma-Aldrich) or 50 mg/L soluble CEACAM8-Fc with or without anti-CEACAM8 blocking antibody mAb 6/40c (35) for 3 or 6 h at 37°C and 5% (vol/vol) CO 2 . ELISpot assays were performed with the human IgM and IgG ELISspot PLUS system (Mabtech) as recommended by the manufacturer. In short, 25,000 sort-purified and preactivated B cells were incubated in 100 μL of PBS per well for 1 h, if not stated otherwise. Readout of ELISpot plates was performed automatically by the ELISpot Reader System ELRFL06 (AID GmBH). Cells in G2/S phase were determined by FACS DNA content measurement with propidium iodide (Sigma-Aldrich). Migration assays were performed in 5-μm ChemoTx System migration assays (Neuro Probe) as recommended by the manufacturer. In short, the fraction of 50,000 sort-purified B cells that passed through a 5-μm filter membrane toward 50, 100, or 175 IU of MCP1, CXCL13, CXCL12, CCL19, or CCL21 (all from Immunotools) or 50 or 100 mg/L sCEACAM8-Fc (35) was determined by FACS counting after 16 h. Plasmablast/PC differentiation was induced by preincubation of B cells with 100 mg/L R848 and PWM (both from Mabtech) for 1 h. Switch transcript induction was determined by incubation of B cells alone or in neutrophil coculture (discussed below) with 1 mg/L IFN-γ (Immunotools) overnight. IgG2 CSR was performed by stimulation with 1 mg/L PWM and BAFF (Immunotools) and anti-Ig antibody (Dianova) with or without 1 mg/L IFN-γ for 6 d. RNA was extracted using an RNeasy Micro Kit (Qiagen) and after DNase I digestion reversely transcribed with Sensiscript RT (Qiagen). For QRT-PCR analysis, the following TaqMan assays (Life Technologies) were used according to the manufacturer's instructions: BACH2 (HS00222364_m1), CD80 (HS00175478_m1), IFNG (HS00175238_m1), BCL6 (HS00153368_m1), and PRDM1 (HS00153357_m1). Expression was normalized to GAPDH (HS02758991_g1). Switch transcripts were amplified as described previously (72), with the exception that an IGHV family 3 FR1 primer instead of an FR3 primer was used (23) . For each PCR assay, equal amounts of cDNA generated from equal cell numbers were used. For TI activation, 250,000 sort-purified B cells were incubated with 10 mg/L goat anti-human Ig for 0, 60, 90, and 120 min in medium. For TD activation, sort-purified B cells were incubated with 2 mg/L recombinant human CD40L with HA-tag plus 1 mg/L anti-HA antibody (both from R&D Systems) and 10 mg/L goat anti-human Ig for 1 h, followed by a washing step and anti-Ig antibody treatment alone for 2 h.
In Vitro Coculture of B-Cell Subsets and Neutrophils. A total of 5 × 10 5 B cells per subset were sort-purified and cultured with 10 6 sort-purified neutrophils from the same donors in RPMI 1640/10% (vol/vol) FCS/1% P/S with 10 mg/L GM-CSF (Immunotools) for 16 h at 37°C and 5% (vol/vol) CO 2 . After coculture, B cells were resorted according to FSC/SSC criteria into Qiazol (Qiagen) and RNA was extracted. cDNA was prepared using the Sensiscript protocol (Qiagen), and switch transcripts were amplified or QRT-PCR analysis of PRDM1 transcripts was performed as described above.
